Energy transfer in photosynthesis occurs as electronic excitations of coupled chromophores interact with their environment. The microscopic nature of these motions can enable novel energy-transfer mechanisms if the motions are not random. This study reveals synchronized and correlated fluctuations of the states within a photosynthetic pigment-protein complex, which explains prior observations of long-lived quantum coherence. 
INTRODUCTION
Photosynthesis depends on efficient electronic energy transfer through an array of pigment-protein complexes. 1 Energy transfer requires perturbations from the environment, and the dephasing of coherent states generated within the system provides a sensitive probe of these dynamics. [2] [3] [4] [5] [6] Dephasing occurs when a sample ensemble prepared in a coherent state is subject to random environmental perturbations. 7 In general, dephasing can be slowed by reducing the temperature or physically separating the coherent states from their environments, 8 but protein complexes in vivo cannot use either of these approaches. Nonetheless, some photosynthetic pigment-protein complexes display long-lived coherences, even at physiologic temperatures. 9 Microscopically, it has been hypothesized that correlated motions within the protein may explain this long-lived coherence. 10 Quantum coherences persisting on the timescale of energy transfer have been measured, leading to proposals that these systems enlist quantum dynamics to enhance their energy transport efficiencies. 2, [11] [12] [13] [14] [15] [16] More recent works suggest instead that the coherence signals result from the following: (1) pure vibrational states, [17] [18] [19] (2) vibronic (mixed electronic-vibrational) states, [20] [21] [22] or (3) pure electronic states experiencing correlated nuclear environments and/or non-Markovian
The Bigger Picture
Observations of quantum coherence in photosynthetic complexes spawned a new field of quantum biology for the study of how biology exploits quantum dynamics. However, theoretical models have suggested that these signals may not arise from electronic dynamics but rather from simple molecular vibrations. The key question is whether different excited electronic states evolve in a correlated fashion after excitation.
Here, we have developed two spectroscopic methods to provide experimental evidence that electronic states within a photosynthetic protein-pigment complex experience correlated fluctuations after excitation. Surprisingly, we found that the excitonic transitions in the FennaMatthews-Olson complex all undergo the same spectral motion after excitation despite having different degrees of delocalization and different local environments, etc. Such correlated spectral motion explains how quantum coherence among electronic states can persist for so long after femtosecond excitation.
vibrational perturbations. 5, [23] [24] [25] [26] Subtle details of these electronic-nuclear interactions govern the observed quantum dynamics.
Here, we extract information from the third-order nonlinear response of the system by using two approaches: 2D single-time-domain exciton perturbation spectroscopy (2D-STEPS) and 2D time-resolved interexciton perturbation spectroscopy (2D-TRIPS). These optical, time-domain spectroscopies probe vibrational motion by examining correlated dynamics of each exciton's spectral motion. 2D-STEPS measures how excited-state nuclear motions systematically perturb individual excitonic transitions after excitation, whereas 2D-TRIPS probes how nuclear motions spawned by exciting one exciton affect other unoccupied excitonic states ( Figure 1 ). In both approaches, three optical pulses are incident on the sample, resulting in a third-order signal. The 1-2, 2-3, and 3-signal pulse pairs are separated by the coherence (t), waiting time (T), and rephasing time (t), respectively. The first pulse creates a quantum coherence jgihe i j between the i th exciton and ground states, and also launches a wavepacket from the Franck-Condon position on the excited-state surface. 27 These coherences propagate according to expðÀiH g t=hÞjgihe i j expðiH ei t=hÞ and the mismatch between H ei and H g causes the system to evolve phase at the frequency u ei,g = u ei À u g . 7 The nuclear motions meanwhile perturb the corresponding excited-state transitions, causing u ei,g to fluctuate over time. 27 If individual complexes within the ensemble experience distinct perturbations, they will dephase. In contrast, systematic or synchronized motions of the excited-state energy gap will be detected.
After this initial excitation, two subsequent pulses reverse the phase evolution of the system. 7 The system once again evolves phase in the t domain, with a phase velocity determined by the difference of the states' frequencies involved in the coherences. 2D-STEPS measures the dependence of u t on t to find the vibrational dynamics by using the u t domain to sort the contributions from each exciton. This spectroscopy is sensitive only to dynamics on the excited-state surface. (For further discussion, see Figure 4 and Spectroscopy Overview.)
In 2D-TRIPS, this time dependence is examined in both the t and t domains. The nuclear motions of a chosen exciton i propagate for a duration t 0 in the t domain, then the spectral motions of a distinct exciton j s i are observed in the t domain. As t 0 advances, the effect on the spectral motion in t is observed. Dependencies observed between these two excitons indicate correlations between their nuclear environments.
In this report, first the short-time Fourier-transform approach is validated with Nile Blue A as a model system. Subsequently, it is used on the Fenna-Matthews-Olson (FMO) complex of Chlorobaculum tepidum, which is known to exhibit long-lived coherences even at physiologic temperatures. 9,12 FMO contains seven coupled bacteriochlorophyll a (BChl a) chromophores in a hydrophobic pocket, plus an eighth more weakly bound BChl a just outside the pocket, which functionally links the complex to the Chlorosome baseplate. 28 Coupling among these sites leads to several different excitonic states. 29 Their nuclei also provide an array of vibrational modes, 30 which couple to the electronic states to produce dephasing. 7 
RESULTS
The frequency evolution of the electronic state populations of FMO were analyzed by 2D-STEPS, as described in the Experimental Procedures. The signal is dominated by intense peaks near the selected u t frequencies and evolves over t 0 (Figure 2 ). The distinct exciton peaks in these spectrograms exhibit synchronized spectral motions, which are reproducible in repeated experiments ( Figures S6-S10 ). The power spectral densities of these peak motions contain frequency components at approximately 40, 120, 185, and 300 cm À1 , which agree with vibrational frequencies of 46, 117, 167-202, and 284-291 cm À1 , respectively, reported with fluorescence line-narrowing measurements of FMO. 30 The frequency components of this spectral motion have been assigned to intramolecular vibrational modes within the chromophores, although the 40 cm À1 feature has been attributed either to phonon modes or vibrations of BChl a's acetyl tail. [31] [32] [33] [34] Because the coherence time domain only accesses coherent superpositions of vibrational states on the excited-state surface (see the Experimental Procedure for further discussion), these frequency fluctuations are attributed to the excited-state vibrational motions. As a result of their delocalization, phonon modes may have an impact on the excitons collectively; but local vibrational motions should not. We therefore attribute the clear synchronized spectral motion to local modes acting independently on the seven BChl a chromophores to produce synchronized motions for the distinct excitons. For reference, the same treatment was applied to a Nile Blue A standard, confirming that it produces its own expected power spectral densities, [35] [36] [37] [38] which are distinct from those in FMO.
For a more detailed discussion of these Nile Blue A experiments, including narrower spectrogram windows and distinct waiting times, refer to Section S9 in the Supplemental Information. See also Figures S1-S10, S12, and S15 and Table S1 .
sequence, we observe how propagation of one exciton's nuclear motions during the coherence time affects those of another exciton during the rephasing time. Because of its smaller time-domain range, the frequency resolution is lower in the short-time Fourier transform than in the standard Fourier transform. Therefore, exciton signals that are too close in energy overlap spectrally, and this overlap obscures their distinct contributions. We therefore focus primarily on excitons 1 and 7 for this analysis, because their energies are separated by approximately 500 cm À1 (other combinations are shown in Figure S11 ). Exciton 7 is selected in the t domain and allowed to propagate for a designated duration t 0 . Subsequently, the t domain spectrogram is obtained, and its exciton 1 cross-peak fluctuations are observed as a function of both t 0 and t 0 . This process is repeated with systematic variation of t 0 , to observe any dependence of the spectral fluctuations in t 0 on t 0 . For uncorrelated nuclear environments, no dependence would be observed. ates as expected when it is distinguishable (e.g., t 0 = 140 and 157.5 fs), we do not focus on it here because inhomogeneous broadening contributions, which dominate the signal at low t 0 , 7 contaminate the upper region of the spectrograms. However, the second fluctuation is well isolated and suitable for comparison with varying t 0 . When t 0 increases, the phase of the spectral motion in the rephasing domain shifts by a nearly equivalent increment, indicating that spectral motion during the coherence time advances the phase of spectral motion of a different exciton later in time. The dashed, horizontal lines in Figure 3 indicate the phase progression of this second cycle with increasing t 0 . The heatmap in Figure 3 shows that the phase progression is maintained even for smaller increments of t 0 . The solid black line in the heatmap indicates the peak position. A horizontal black line would have indicated no correlation of the peak energy between t and t; however, this sloped line represents See also Figures S1, S3 , and S9-S11.
a correlation of the nuclear phase between increasing t and decreasing t. In essence, the vibrational motion in the rephasing domain inherits vibrational phase from the coherence time domain, although different excitons were excited in these two domains.
DISCUSSION
The 2D-STEPS spectrograms display synchronized spectral motion of the excitons over much of the first picosecond. Because these spectrograms report dynamics in the coherence time domain, when only single excitations are allowed, these motions indicate that the ensemble trajectory for each exciton independently undergoes very similar dynamics following its initial excitation. These similar vibrational motions occur despite the different site compositions of the excitons. The excitons are delocalized over a number of sites described by their inverse participation ratios, which span 1.28-2.54 in FMO. 39 As a result, some are nearly monomeric, while others are nearly trimeric. Furthermore, previous work has shown that vibrational modes arise from intermolecular coupling between bacteriochlorophylls. 19 Therefore, after excitation with a short laser pulse, a given exciton will exhibit synchronized nuclear motions across the ensemble; 40 but the motions of distinct excitons can diverge over time. It is therefore not a given that FMO's excited states would exhibit these synchronized vibrational oscillations over a picosecond. Nonetheless, the 2D-STEPS results indicate that the excitons experience synchronized nuclear perturbations over this duration.
Therefore, even before invoking particular effects, such as correlated nuclear environments, non-Markovian fluctuations, or vibronic states, when a coherent superposition of excited states is generated in 2D spectroscopy, 9,12 the excitons' spectral motion will remain synchronized over approximately the first picosecond because of their independently similar vibrational motions. Thus, in an ultrafast 2D experiment, electronic coherences may be prolonged in FMO as a result of synchronized nuclear fluctuations, even without invoking correlated nuclear environments, for suitably broadband coherent light capable of generating superpositions of electronic and vibrational excited states in FMO. This duration coincides with the relevant timescale for energy transfer in FMO, 9,11 and prolonged coherences have been reported to enhance transport efficiencies. 14, 15 In addition to this effect, the results from 2D-TRIPS indicate coupling between the nuclear motions of distinct excitons, suggesting an additional mechanism to enhance coherence lifetimes. These correlated interexcitonic nuclear environments increase the critical temperature for the transition of coherent-to-incoherent energy transport. 41 Coherences lasting hundreds of femtoseconds in FMO at room temperature have been observed previously, 9 which is consistent with this additional explanation. In terms of Redfield theory, 3 these correlated motions will reduce the nuclear damping. Coupling between numerous harmonic oscillators can also induce synchrony, so exploring whether this mechanism applies to the vibrational modes in FMO represents a promising future direction. 42, 43 After femtosecond excitation, the FMO complex exhibits both synchronized and correlated excitonic nuclear environments. 2D-STEPS reveals similar spectral motion for each exciton after femtosecond excitation so that, even before considering interexcitonic vibrational correlations, superpositions of these excitons propagate in common for at least 1 ps at 77 K. Furthermore, 2D-TRIPS provides direct evidence that one exciton's spectral motion affects a distinct exciton's nuclear dynamics.
These properties result from embedding multiple identical chromophores, with the same intramolecular vibrational modes, in close proximity within the protein scaffold. Taken together, these data provide three key insights into the origins of long-lived coherence in photosynthetic systems: first, the common response of the chromophores ensures that the excited state spectral motions will be synchronized after femtosecond excitation; second, estimating the spectral diffusion without subtracting the synchronized motion dramatically overestimates the system-bath coupling; third, nuclear motions on one exciton do affect the energy gap of other excitons, which will favor coherent energy-transfer mechanisms. 16, 24, 44 Thus, the structured nuclear environment within the photosynthetic antenna complex creates intricate and programmed spectral motion that drives energy-transfer dynamics.
EXPERIMENTAL PROCEDURES Sample Preparation
FMO extraction was performed according to a published procedure. 45 According to another published procedure, 12 
Experimental Parameters
The experiments were performed with a previously described spectrometer designed for the acquisition of 2D electronic spectra. 46 For FMO, the coherence and waiting times were sampled from À1,001 to 2,002 fs in 3.5 fs steps, and from 0 to 1,860 fs in 30 fs steps, respectively. Rephasing times were obtained interferometrically. The beam fluence was 640 pW/mm 2 in a 100 mm diameter spot for FMO. The local oscillator was attenuated by 10 4 . The pulse width was 14 fs (fwhm), and the repetition rate was 5 kHz. (Further details are available in Section S10 of the Supplemental Information.)
For Nile Blue A, the coherence times were sampled from À1,001 to 2,002 fs in 2.6 fs steps, and the waiting times were obtained at 0, 30, 60, 150, 270, and 1,000 fs. For this system, the results at T = 0 fs are discussed here as a representative example, whereas the other waiting times appear in Section S9 of the Supplemental Information. Because fewer waiting times were used, three to six scans were measured at each waiting time and averaged. The fluence was 1.9 nW/mm 2 .
Spectroscopy Overview
Three beams are incident on the sample in a boxcar geometry. The sub-ensemble that interacts with all three beams accumulates their momentum and emits a signal in the spatial direction that conserves momentum. Using a spatial mask, we therefore measure the signal from the sub-ensemble that interacts once with each beam. Within the density matrix formalism, and applying the rotating wave approximation, each of these interactions can promote or decrement either the ket or bra sides of the density matrix. 7 The sequences resulting from possible combinations of these interactions are called Liouville pathways and expressed in Feynman diagrams.
Numerous works have tabulated all the Liouville pathways available in 2D electronic spectroscopy, 7,47,48 so this information is not reproduced here. Rather, Figure 4 uses a representative Feynman diagram to illustrate that the coherence domain encodes only nuclear motions on the excited-state surface during the coherence time, because of the evolution of the density matrix within the semiclassical formalism derived by Mukamel. 7 As discussed in the Results and Section S10 of the Supplemental Information, this principle is tested with Nile Blue A.
In the rephasing Liouville pathways (t > 0 fs), the 2D-STEPS signal arises after a configuration jgihgj is promoted to jgihe i j from one light-matter interaction. As shown in Figure 4 , in t, the bra state is determined by the laser spectrum, whereas the ket side remains in the ground state. The laser bandwidth exceeds 1,000 cm À1 ( Figure S1 ), so it is capable of exciting multiple vibrational levels within the excited-state manifold. Therefore, the spectral dynamics in the t domain data reported here arise from evolution of nuclear motions on the excited-state surface.
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This excited-state contribution is further discussed in the Results and Section S9 of the Supplemental Information.
In the 2D-TRIPS technique, again using rephasing signals and Liouville pathways, first the bra side is excited, causing the system's phase to evolve during t. Subsequently, the ket side is excited and reverses that phase propagation during t. Importantly, these processes are occurring in the same individual complexes, which is enforced by the boxcar beam geometry and conservation of momentum. We elect to observe the spectral fluctuations of distinct excitons during these two time periods. In the absence of coupling between these two distinct excitonic environments, the spectrogram during t would display nuclear fluctuations that do not depend on the history of the distinct exciton during t. However, a dependence on this history reveals that the nuclear environments are correlated.
The Microscopic Origin of Spectral Fluctuations
Before interaction with light, the sample ensemble begins in an equilibrium distribution determined by its temperature. At 77 K (k B T = 54 cm À1 ), only the electronic 
. 2D-STEPS Measures Spectral Motion on the Excited State
After the first light-matter interaction, represented in this Liouville pathway by -k 1 , a coherence is generated between the jgi and hej state manifolds, which evolves according to the Green's function G ðtÞ. The excited-state wave packet begins in the Franck-Condon region on the excited-state surface and propagates across the excited-state surface over time. However, the ground-state wave function does not propagate across the ground state because it is already at its equilibrium position. Therefore, within the coherence domain, the excited-state frequency described by H e exhibits nuclear fluctuations, whereas the ground state does not. See also Figure S13 .
ground state is significantly populated, and its vibrational sub-levels above approximately 110 cm À1 are negligibly populated in a Bose-Einstein distribution. Nonetheless, the ensemble contains a variety of nuclear configurations at equilibrium. Furthermore, we assume that the dynamics of distinct proteins are independent of each other, within a time domain.
For each excited state, the ensemble is excited to a distribution of Franck-Condon frequencies because of its variety of nuclear configurations at equilibrium. However, under the conditions specified previously, the signal is subject to the central limit theorem. Each pulse interacts with 10 10 proteins, integrated over approximately 5,000 experiments per parametrization of t and T. Despite the diversity of FranckCondon frequencies, both initially and over time, the peaks in the spectrograms are narrowed toward the time-dependent ensemble average by the central limit theorem. As a result, because the same set of vibrational modes is shared across the ensemble, the mean of their signal frequencies fluctuates over time; and their peak position will also shift to accommodate this underlying moving average. As discussed below and in Sections S6 and S12 of the Supplemental Information, the spectral fluctuation amplitudes are further reduced by the choice of short-time Fourier-transform window.
Signal Processing
The 2D experiment yields a three-dimensional dataset depending on t, T, and t according to the third-order response function shown in Equation 1. Here, q(t) are Heaviside step functions with an onset at t, and R a (t,T,t) refers to the contributions from four distinct Liouville pathways available under the rotating wave approximation (Equation 2). In these equations, a, b, c, and d represent states, P(a) is the probability of occupying state a, and m ab are the transition dipoles between states a and b. Equation 2 yields a signal that oscillates in each of the time domains, and the Fouriertransform operation interconverts between the time and frequency domains. For reference, if the three-dimensional dataset is initially represented entirely in the time domain, standard 2D spectra are obtained by Fourier transform over t and t ( Figure S1 ).
In 2D-STEPS, one-dimensional time series (along t) are selected at u t , corresponding to the frequency of a given exciton. As described above, these time series are damped sinusoidal curves (see Figures S2 and S3) , each of which propagates at the frequency u ei,g for exciton i. The damping is due to excitonic frequency fluctuations arising from environmental perturbations after excitation to the Franck-Condon region. 7 Using the short-time Fourier-transform technique, we extracted ensemble-averaged trajectories of the spectral motion at regions of the data along the t domain by sliding a 140 fs (fwhm) Hanning window U(t + t 0 ) along the Here, t 0 is the lag in coherence time specified at the central window position, and F t [f(t)] denotes Fourier transform of the specified function f(t) with respect to t. For a 140 fs (fwhm) window width, the first data point is at t 0 = 140 fs, because this is the position where the one edge of the window is at t = 0 fs. If the edge of the window is allowed to extend to negative t, then non-rephasing contributions leak into the resulting spectra and complicate the analysis. To avoid complications of the phase arising from the spectrograms, the absolute values were taken. Subsequently, for 2D-STEPS of FMO they were summed in the T domain. For further discussion justifying this approach, see Section S5 in the Supplemental Information. Applying the short-time Fourier transform along t generates two-dimensional spectrograms in t 0 versus u 0 t , where u 0 t is the spectrum of the signal within the moving time window. For clarity, the prime marks indicate correspondence of a given parameter to a window of data, rather than across the full time series. Whereas spectrograms obtained along t are shown in Figure 2 , those obtained along t are shown for reference in Figure S9 .
In 2D-TRIPS, the methods are similar to those of 2D-STEPS; however, window functions are applied in both the t and t domains, and because of time-ordering considerations, particular values of T are specified rather than summed (Equations 4 and 5 
